Raw material criticality studies are receiving increasing attention because an increasing number of elements of great economic importance, performing essential functions face high supply risks. Scarcity of key materials is a potential barrier to large-scale deployment of sustainable energy and clean-tech technologies as resorting to several critical materials. As physical scarcity and geopolitical issues may present a barrier to the supply of critical metals, recycling is regarded as a possible solution to substitute primary resources for securing the long-term supply of critical metals. In this paper, the main drivers and constraints for critical materials recycling are analyzed from literature, considering indium as a case study of critical materials. This literature review shows that waste electrical and electronic equipment (WEEE) could be a future source of critical metals; however, the reduction of dissipation of critical materials should have much higher priority. It is put forward that more attention should be paid to sustainable management of critical materials, especially improved practices at the waste management stage. This calls for not only more efficient WEEE recycling technologies, but also revising priorities in recycling strategies.
Introduction
Criticality is a research area receiving increasing attention. A raw material is labelled "critical" when the risks of supply shortage and their impacts on the economy are higher compared with most of the other raw materials [1] . Materials compiled in Table 1 are considered as critical within the EU in 2014 [2] . Table 1 . Raw materials identified as critical within the EU in 2014 [2] . Critical materials are present in a wide range of products across many sectors of the economy. In many cases they appear in relatively small quantities, but they frequently perform essential functions, often in high value goods or strategic technologies [3] . Many of these critical materials are essential components for information and communication technology (ICT) electronics as well as carbon-free energy technologies and clean-tech electronic devices. It is estimated that clean energy technologies constitute about 20% of global consumption of critical materials [4] and the share of global consumption of critical materials will grow as clean energy technologies are deployed more widely in the decades ahead [5, 6] .
Raw Material
Geological scarcity is not the key issue for determining criticality of raw materials. The EU study on the criticality of materials concluded that global reserve figures are not reliable indicators of long term availability. Of greater relevance are changes in the geopolitical and economic framework that impact on the supply and demand of raw materials, such as growing demand for these critical raw materials in developing economies and for emerging technologies. For example, the US Department of Energy recognized that several clean energy technologies use materials at risk of supply disruptions in the short term [4] . Further, the EU's criticality study assessed that supply risks may arise within a time period of 10 years, which would give rise to unrealistic expectations regarding the possibility for policy makers to intervene [1] .
Aim of the Study
Geological scarcity is not the key issue in determining of critical metals but their physical scarcity, concentration of production and geopolitical issues may present a barrier to their supply. Therefore, recycling is regarded as a possible solution to substitute primary resources for securing the long-term supply of critical metals. In this paper, a literature review has been conducted in order to analyze the main drivers and constraints for critical materials recycling, considering indium as a case study of critical materials.
The Main Uses of Indium
An amplifying factor for raw material criticality is its competing needs and uses. In the case of indium, there are only a few main applications consuming the major share of world production. Up to 75% of globally refined indium was used to produce indium tin oxide (ITO) in 2012 [7] , used as a transparent conductive layer mainly in LCD and other flat panels, touch panels, and electroluminescent lamps [8] .
Indium has an important role also in manufacturing thin film (TF) photovoltaic (PV) systems. PV systems are based on the use of semiconductors that generate electric power when exposed to sunlight. At present, two types of PV technologies are commonly available; crystalline silicon (c-Si) based (first generation) technologies and inorganic TF (second generation) technologies [9, 10] . TF technologies, for one, include cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and triple junction (GaAs, Ge, GaInP2) technologies. TF technologies were recently gained in increasing importance due to low production costs, low energy and materials demands, and potential for future cost reduction [8] . Currently, PV manufacturing accounts for less than 2% of total demand of indium [5] .
Light emitting diodes (LEDs) rely on indium as well. LEDs are superior in energy efficiency, as they convert the input electric energy effectively into visible light. In addition to wide variety of lighting applications, indium based LEDs are also used in optical data transfer and LED displays or computer monitors in the cases where high image stability is required [8] .
Other major applications for indium are alloys and solders. The addition of indium improves the strength, hardness, and corrosion resistance of alloys [11] and conduces a high resistance to fatigue and seizure [8] . Indium containing alloys are mainly used in ball bearings manufacturing but some of them are used also in electronics for fixing semiconductors chips to a base of printed circuit boards [8] .
Drivers for Indium Recycling

Emerging Global Demands
Demand for ITO in the production of LCD screens has increased in recent years, and this trend is expected to continue in the foreseeable future. Growing demand is expected especially for smalland medium-sized LCD panels due to growing popularity of e-books, smartphones, and tablets, while growth rates for large-sized panels are estimated to be more moderate. Globally, growth in demand for LCDs is the strongest for TVs in developing economies, and for tablets and smartphones in developed countries [12] . In addition to increasing LCD production, new indium containing technologies were actively developed in the recent years-e.g., to replace amorphous silicon with indium-gallium-zinc-oxide (IGZO) [13, 14] -to be applied in the variety of consumer electronics such as organic light-emitting diode (OLED) televisions, smartphones, and tablets [15] .
In the energy sector, future energy strategies rely on the widespread deployment of carbon-free renewable energy technologies such as solar photovoltaics (PV). For instance, the Energy Roadmap for 2050 lays down ambitious decarbonization plans for Europe. By 2050, 80%-95% cutting of greenhouse gas emissions below 1990 levels is envisioned, which means that Europe's electricity sector will have to be almost carbon-free [16] . Currently, compared to demand, the production of electricity from PV is still on a very low level. Therefore, in order to contribute to a significant share of world electricity production, a massive growth in the PV industry is needed. Scenarios predict that PV technologies may provide up 25% of global electricity demand by 2050 [17] . Further, c-Si technologies are expected to lose their current dominating position while TF technologies will account for about 30% of the PV market by 2020 [9] and already 50% by 2030 [10] . However, their widespread distribution can be constrained by the criticality of tellurium, indium, and silver [9, 10, 17] .
Limitations in Primary Production
Most of the critical materials are not available on their own, but only as by-products of a few main industrial metals. In case of indium, almost all production occurs as by-product of zinc although indium can be associated also with tin, lead, copper, and iron ores. Concentrations of this kind of "companion metals" are typically so low in ores that their value are negligible or very small compared to main metals and, thus, they might not be recovered nor even be recognized in prices paid for concentrates [18] . This means that the primary production of critical materials is limited not only by the demand and supply of the major metals [17, 19] , but also whether they are recovered or not in refineries [20, 21] . Low concentrations and by-production of critical metals have led the situation, where they are seldom reported as extractable commodities by the mining industry, which, for one, creates various uncertainties when estimating the global resources and unexploited reserves of critical metals [18] .
In addition to limited volumes of the companion metals production, also geopolitical issues may present a barrier to supply. Because the world production of critical materials is typically concentrated strongly in a few countries, the risk of supply disruptions and volatility of prices are increased due to political and/or economic reasons. For example, China has been the main global supplier of primary indium over the years, originating as a by-product of zinc-sulfide ore processing [12, 15, 22] . Chinese indium consumption has increased rapidly and, thus, China has recently transitioned from primarily exporting indium to primarily consuming indium [23] . An increase domestic ITO production and growing demand in China have resulted in upward pressure on price [9] . However, the prices of indium suddenly dropped temporarily in 2015 due to absence of Chinese investors' demand coincident with the halting indium deliveries of certain exchange warehouses [22] .
Global refining production of indium has been increased in the recent years, from around 780 tons in 2012 to 845 tons in 2014 [7, 22] . However, the amount of annual world refinery production has dropped to the level of 755 tons in 2015 due to decreased prices [22] , which effectively illustrates strong economic drivers behind increasing production of by-product metals. China is expected to continue to be the main global supplier of primary indium in the forthcoming years. However, Japan and the Republic of Korea are increasing their recycling capabilities from scrap generated in ITO production. Moreover, the prospect for indium supply from mine wastes has been found to be substantial [24] , as indium-containing concentrates were typically treated in the past by smelters, which could not extract indium. These indium containing residues, such as tailings and slags, are now economical to treat because of improved recovery process technologies and higher indium prices [25] . Additionally, some new exploration projects are also in progress, mostly in Canada [26] .
Unique Technical Properties of Indium
Considerable price volatility and various supply concerns associated with indium are potential barriers to large-scale deployment of technologies that rely on indium [5, 9, [27] [28] [29] . Therefore, there is intensive ongoing research to develop alternatives for indium and ITO. Few potential substitutes for indium are found in some applications-e.g., PEDOT [Poly(3,4,-ethylene dioxythiophene)] in flexible displays [30] and touch screens [31] , as well as gallium in photovoltaic cells [32, 33] . Moreover, antimony tin oxide (ATO) coatings have been developed and successfully fabricated for applying to flexible electronics [34, 35] . According to the recent substitutability study of metals [36] , the substitution potential of indium varies between its main applications; an adequate substitute-i.e., aluminium-doped zinc oxide-exists for ITO thin film coatings, while certain gallium based substitutes providing a good performance were determined for solders and alloys, as well as electrical components and semiconductors [36] . However, in many cases, substitution reduces the performance of technologies, shifts the problem to other critical raw materials, or is not economically viable [36, 37] .
Because there are no good substitutes for indium to be used in ITO thin-film coatings [36] , research has focused on indium recycling from its main applications of LCD screens and photovoltaic modules in order to ensure long-term supply of indium. Based on the literature, several mechanical [38, 39] , thermal [40] , and hydrometallurgical processes [41] [42] [43] as well as their combinations [44] [45] [46] have been researched. Some recycling technologies for PV modules to recover thin-film materials are even commercially available; however, several challenges related to process optimization and economics of recycling processes still exist [40] . For example some solvent-based stripping and selective extraction methods (e.g., [47] ) require large quantities of potential dangerous solvents, leading to problem shifting, such evaporative losses, solvent wastes, and health hazards.
Constraints of Indium
High Dissipative Losses
Dissipative material losses cover point and diffuse emissions with no option for recovery [48] . The principal drivers for the dissipation are explicitly dissipative applications, minor concentrations in final products and ineffective collection and recycling systems. Dissipative losses may occur at every stage of the material's life cycle; however, the end-of life (EOL) stage is a noteworthy contributor. A screening of dissipative losses for critical materials has been performed by Zimmermann and Gößling-Reisemann [49] . They found that the majority of critical materials have dissipation rates of over 50%. Dissipative losses into the environment appear as to be more severe than dissipation into the other material flows and landfills. Although the assumption is that dissipated metals into other material flows are theoretically still recoverable, that is not necessarily the case. Recovery from the receiving medium later may be technically or economically unfeasible. Technical and economic feasibility is, however, a dynamic feature; materials might be less dissipative in future due to progress of technical knowledge, market situation, and/or destination of the dissipated materials [49] .
In the case of indium, the current dissipation rate of 90% is assumed, mainly to other material flows or landfills [49] . Ciacci et al. [50] argues that the dissipative use could be intended or unintended. Inherently dissipative use occurs in only a minor share of total flows for a few metals, whereas unintended dissipation is multifold common form of material use. Unintended dissipative use of materials could be "currently unrecyclable" or "potentially recyclable" [50] . In the case of indium, the major share of material stream in use is currently unrecyclable because recycling is not feasible due to technological and economical barriers, such as a lack of appropriate technology, loss of material quality, or low economic incentives compared to recycling costs.
According to the global substance flow analysis (SFA) of indium carried out by Yoshimura et al. [51] , dissipation of indium can be divided into three categories: dissipation in mining, smelting, and refining; losses during the recovery processes; and discarded EOL products. The SFA showed that, in 2004, the most considerable dissipation occurred in the production phase, mainly into mining tailings and smelter sludge due to low extraction efficiency of indium. Notwithstanding, there are notable losses also in manufacturing and EOL phases of indium containing products [51] . However, demand and production of indium has been multiplied since this SFA conducted in 2008; therefore, refining efficiency has notably improved in indium production over recent years. In the meanwhile, dissipation losses in recovery and EOL stages have increased. According to the more recent global SFA of indium conducted by Licht et al. [19] , a process efficiency for indium was already 78% in 2011. They argue that, although there is still some improvement potential in the production phase, the greatest efforts should be required in increasing end-of-life (EOL) recycling in order to meet increasing indium demand in the future [19] . On the other hand, the prospect for indium supply from mine wastes has been found to be substantial [24] ; therefore, the priority for indium-rich countries should be on better recovery at the mining stage [52] . For instance, notwithstanding of Australia's large indium-containing zinc reserves, indium refinery capacity in Australia is currently very limited and limits the exploitation potential [21] .
Open Cycles
The other main challenge for critical materials recycling is open cycles. The life cycle of a metal is closed if EOL products are entering appropriate recycling chains, leading to recyclates replacing primary metals. Conversely, the life-cycle is open if EOL products are neither collected for recycling, nor entering those recycling streams that are capable of recycling the particular metal efficiency. Open cycles include products being discarded to landfills, products recycled through inappropriate technologies where metals are not or only inefficiently recovered and metals recycling in which the functionality of the EOL metal is lost. Non-functional recycling is that portion of EOL recycling in which the metal is collected as old metal scrap and incorporated in an associated large magnitude stream. This will lead to an open metal life cycle [53] . A major challenge is that open cycles are typical for many critical metals in consumer goods such as electronics and small appliances [54] . The reasons are [53] • In the case of indium, open cycles are also one of the main challenges that have to be solved. Even though ITO in LCDs are a dominant application of indium, a wide variety of goods, versatile product design and extremely low concentrations in final products reduce recycling potential and hamper development of economically viable recycling processes. The recent trend of smaller and lighter LCD applications also hinders economic viability of recycling, because achieving sufficient volumes of EOL product for recycling turns even more difficult. In addition to economic issues, requirements of the extremely high purity of indium required in the ITO production set challenges for development of indium recycling processes. For example, a 99.999% purity of indium is required for ITO and TF PV module production, and recycling technologies currently in research are yet unable to reach this level [38] .
Present Recovery Practices and Policies
Collection rates of WEEE have remained relatively low, despite efforts put into practice by authorities and companies across the world over the last 10 years. For instance, it is estimated that collected WEEE amounts in the EU are only around one-third of the amounts of EEE put on the market annually [55] . Shortcomings in awareness and economic incentives explain it partly; however, several studies show that the more inconvenient the recycling schemes are, the lower also the participation and recovery rates [56, 57] , which seems to be the case also in many WEEE recycling schemes [58] [59] [60] .
It seems that current recycling schemes of collected WEEE are ineffective in capturing indium and other critical metals. Recycling failure occurs when metals are not captured through any of the recycling streams, as they are dissipated in use, or end up in landfills at the EOL stage, or when the metals are not recovered to final recycling fractions [53] . The reason for low recycling rates of critical materials is partially their low percentages in the devices [50] but the reasons can also be found in product design, low awareness levels, missing economic incentives for recycling, and lack of appropriate recycling technologies and infrastructure for EOL [61] . The current trend of product miniaturization and increased integration of materials complicates the future of metals recycling in the coming years [50] . Moreover, several current adverse practices, e.g., mixing of product parts of different compositions and using destructive and unselective technologies, are also commonly used in the collection and pre-treatment stages, which reduces the recycling yields and quality of recovered materials [62, 63] .
From the critical materials point of view, current recycling policies put too much focus on maximizing recycling rates; the goals of high recycling rates and high product qualities often contradict each other [48, 64] . It is estimated that up to 90% of critical metals are dissipated after use, to other materials streams during recycling or to landfills [49] . An essential solution to reduce dissipation is increased recycling. In the case of indium, especially LCDs and PV installations can be a future secondary source [50] . However, recycling of WEEE has not caught up with the tremendous growth of ICT and other high-tech EEE in output volumes and complexity. The development of recycling technologies tends to experience a delay to product development and its need emerges only when the volumes of EOL devices expand noticeably. During this delay time, EEE design can develop to such complexity that recycling technologies have difficulty responding. As a case in point, the commercial recycling of LCDs is still in its infancy even though EOL LCDs are currently estimated to be the fastest growing waste stream in the EU [65] . Respectively, the recycling of TF PV is negligible at the moment. Although they have been around only since the late 1990s [66] , their estimated lifetime is 20-30 years and, therefore, they are likely to appear in the waste phase ever more often [67] .
Discussion
From a materials management point of view, the anthroposphere can be seen as a flow through reactor with a storage function. It has been put forward that there is a need to challenge the view that materials in the anthroposphere are intrinsically recoverable [68] . Materials leave the anthropogenic material cycle due to dissipative losses occurring and diminishing returns of secondary resources [48] . Substances from the stock-in-use are converted into unrecoverable forms and dissipated into the environment [69] . On a global scale, there is a continuous increase of material extraction from the earth's crust, resulting in large accumulations of materials particularly in urban areas. While the anthropogenic material stocks are growing, the amount of waste flows and emission rates increase with a certain delay.
To satisfy contemporary resource needs and to decrease environmental loadings, an obvious solution is to recycle as much as possible in order to substitute primary resources. The tendency indeed is that European legislation is setting out directives requiring increasing recycling rates. However, most recycling policies are aimed at quantitative goals in recycling percentages, rather than qualitative goals in terms of recovery of most valuable components. Kral et al. [48] criticized this view, claiming that the goals of high recycling rates and high product qualities often contradict each other. As well, they point out that this quantitative approach does not take into account the presence of unwanted substances ending up in the second generation products. Kral et al. [48] call for new priorities, to establish 'clean cycles'. While this is a valid aim, its main attention is ensuring the purity of major metal flows and views minor flows as "pollutants", weakening the quality of major flows. Figure 1 illustrates a simplified metal product life cycle. It is indicated that all those substances that are not in clean cycles will end up either in the environment or in anthropogenic final sinks such as landfills. Final sinks also indicate "contaminated" recycling flows, which may contain minor components the current recycling system was unable to capture. While the 'clean cycle' view argues for the purity of major flows, an essential issue is also that valuable components, such as critical metals, may end up as "contaminants" in recycling streams, such as in the case of electronics [68] . The current view is, therefore, that of Figure 2a , where the minor metal is a "pollutant" in the major flow. For "contaminated" streams, the popular view might be that the minor element may still be recovered. This, however, may not be the case, as there may be techno-economic or even thermodynamic limitations [53] . In our view, in this case, the critical material in essence ends up in a final sink (Figure 2b) , from where it is, practically, impossible to recover. Therefore, we suggest extending a view of "clean cycles" to include critical metals. as landfills. Final sinks also indicate "contaminated" recycling flows, which may contain minor components the current recycling system was unable to capture. While the 'clean cycle' view argues for the purity of major flows, an essential issue is also that valuable components, such as critical metals, may end up as "contaminants" in recycling streams, such as in the case of electronics [68] . The current view is, therefore, that of Figure 2a , where the minor metal is a "pollutant" in the major flow. For "contaminated" streams, the popular view might be that the minor element may still be recovered. This, however, may not be the case, as there may be techno-economic or even thermodynamic limitations [53] . In our view, in this case, the critical material in essence ends up in a final sink (Figure 2b ), from where it is, practically, impossible to recover. Therefore, we suggest extending a view of "clean cycles" to include critical metals. While the scientific community has been aware of the dangers of dissipative losses for some time, little guidance for reducing dissipative losses has been provided (e.g., [50] ). In general, much as landfills. Final sinks also indicate "contaminated" recycling flows, which may contain minor components the current recycling system was unable to capture. While the 'clean cycle' view argues for the purity of major flows, an essential issue is also that valuable components, such as critical metals, may end up as "contaminants" in recycling streams, such as in the case of electronics [68] . The current view is, therefore, that of Figure 2a , where the minor metal is a "pollutant" in the major flow. For "contaminated" streams, the popular view might be that the minor element may still be recovered. This, however, may not be the case, as there may be techno-economic or even thermodynamic limitations [53] . In our view, in this case, the critical material in essence ends up in a final sink (Figure 2b ), from where it is, practically, impossible to recover. Therefore, we suggest extending a view of "clean cycles" to include critical metals. While the scientific community has been aware of the dangers of dissipative losses for some time, little guidance for reducing dissipative losses has been provided (e.g., [50] ). In general, much While the scientific community has been aware of the dangers of dissipative losses for some time, little guidance for reducing dissipative losses has been provided (e.g., [50] ). In general, much more attention should be paid especially to the dissipative uses of critical materials, particularly those instrumental in carbon-free energy generation. It is argued here that strategic waste management considerations should be included in electronics and sustainable energy infrastructure design and future clean technology policies. In the case of building the future sustainable energy infrastructure, the material constraint may play a major role because of competing market forces, production bottlenecks, and reserve constraints. Production constraints may occur, because indium production is performed as a by-product of zinc exploration, sometimes associated also with copper or tin [20] . Moreover, increasing the output of the by-products is not only dependent on the production of "parent" metals under the given price schemes [17] but also on whether they are recovered rather than being discarded without having being processed [20] .
Currently, the recycling rate of indium is under 1% and the main limitation to indium recycling is the high dissipation rate (90%) [53] . A large percentage of indium dissipation is due to technological and economical barriers of recycling, such as lack of suitable technologies and economic incentives for recycling of very low concentrations [50, 67] , but also inefficient collection and recycling practices of waste electrical and electronic equipment WEEE currently exist [1] . On the other hand, more attention has recently been put on collection and recycling systems and, therefore, increased recovery rates of indium from end-of-life LCDs and photovoltaics could be expected in the future [50, 67] .
Electronic waste can be a future source of secondary indium; the secondary source with the most potential is thin films used in LCD and other flat panels (consume up to 80% of world production of indium), as well as PV panels and LEDs. However, it requires more considerations on materials' recyclability in the product design phase, more efficient collection of WEEE and improved recycling practices to minimize dissipative losses. For instance, improved sorting of valuable compounds and pre-processing with manual dismantling, as well as increased selective extraction could be worthy to implement in the future collection and recycling stages of WEEE. There are several research efforts on-going to improve the recovery of critical materials from EOL streams; however, most are limited either by recovery percentages, economics, the quality of the recovered materials, or all of the above. As well, some solvent-based methods, which are viable on a laboratory scale in fume cabinets, but when scaled up to industrial size, may lead to hazardous working conditions and problem shifting. In essence, we would end up solving one waste problem whilst creating another.
On the whole, more attention should be paid to sustainable management of indium and other critical materials. Although new reserves are being explored, by-product utilization processes are intensified [19, 21] and secondary sources of critical metals are increasingly applied [24, 52] , it does not negate the need for re-thinking how the future infrastructure is built. Therefore, material recovery consideration should be fully embedded in design practices in order to reduce material losses and support the development of recovery possibilities at the EOL stage [50] .
Conclusions
This paper reviews the main drivers and constraints for critical materials recycling presented in the literature, considering indium as an example of critical materials. Extensive research has already been conducted related to critical materials-e.g., global resources, current material flows, future supply options, as well as substitution potentials. The evidence suggests that there are several different aspects to approaching material criticality and finding an applicable solution to fulfill future material needs.
Constraints of critical materials may play a major role because of competing market forces, production bottlenecks, and reserve limitations; therefore, recycling is regarded as part of the solution to secure the long-term supply of critical materials. However, the view that critical materials in stock are intrinsically recoverable need to be revised. The issue of critical material recovery from stock cannot be approached from the end of life. In order to ensure that waste electrical and electronic equipment (WEEE) could be a future source of critical metals, the reduction of dissipation of critical materials should have much higher priority. More attention should be given to sustainable management of critical materials, especially improved practices at the production and waste management stages. This calls for not only more efficient WEEE recycling technologies, but also revising priorities in recycling strategies. As well, material recovery considerations should also be fully embedded in design and manufacturing practices. Ultimately, future infrastructure renovation strategies, such as constructing a low-carbon economy, need to be done with EOL considerations in mind, in order to ensure clean cycles of critical materials within the anthroposphere.
